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Abstract 
We have investigated the magnetic properties of 14 nm thick and 1 μm long nickel and 
permalloy nanotubes with external diameters of 40 and 100 nm as a function of the angle θ 
at which the external magnetic field is applied. Our results show that the coercivity of 40 nm 
diameter nickel nanotubes follows a non-monotonic behavior from θ = 0° up to θ = 60°, 
while that corresponding to permalloy displays an increasing monotonic trend at the same 
angular range. At θ = 90°, both materials evidence a sharp drop of the coercivity to zero, 
indicating that the reversal mechanism has changed to a pseudo-coherent rotation. On the 
other hand, nickel and permalloy nanotubes with 100 nm in diameter exhibit a similar 
angular dependence of the coercivity, reversing their magnetization through the nucleation 
and propagation of vortex domain walls for angles lower than 75°. For θ = 90º, a novel 
striking mechanism, the wave reversal mode (W), arises. This phenomenon leads to an 
unusual S-type shape in the hysteresis curves at those given parameters, which is until now 







Magnetic nanostructures with low dimensionality have been intensively investigated due to 
their potential applications in high-density magnetic memories, energy storage devices, 
biosensing and therapeutic uses [1-4]. In particular, magnetic nanotubes (NTs) are of great 
interest as multifunctional nanostructures in the field of advanced materials due to their use 
in a wide range of potential applications [5-10]. The magnetic properties of NTs can be 
controlled by varying their independent geometrical parameters such as their length, L, 
external diameter, d, and thickness of the tube wall, dW (see Fig. 1a). For example, some 
theoretical studies [11, 12] have concluded that the relative stability of the different magnetic 
configurations exhibited by NTs depends strongly on their geometric and magnetic 
parameters. In the same way, the magnetization reversal mechanisms of NTs are strongly 
affected by small variations in their thickness and aspect ratio [13, 14], so the prediction of 
their magnetic properties is of fundamental importance for tackling the design and 
development of potentials applications. 
 
In general, we can postulate three categories of magnetization reversal modes in NTs, which 
are widely reported in the literature [13-18] (see Fig. 1b): vortex wall (V), where spins rotate 
progressively via propagation of a vortex domain wall; transverse wall (T), where spins 
rotate progressively via propagation of a transverse domain wall, and coherent rotation (C), 
where all the spins (local magnetic moments) rotate simultaneously. It is worthy to note that 
this latter mode can suffer a variation when the magnetic moments in the caps and center of 
the tube are not completely parallel with each other, in which case the mode is called pseudo 
(or quasi)-coherent rotation (C*) [19]. It has been also found that when a magnetic field is 
applied parallel to the tube axis, the vortex reversal mode is the dominant magnetization 




magnetization reversal modes are observed as function of the angle in which the external 
magnetic field is applied, evidencing a strong angular dependence [20-22]. 
 
Figure 1. (a) Geometrical parameters of a magnetic nanotube. Angle between applied 
magnetic field and z-axis is depicted. (b) Typical magnetic switching modes in nanotubes. 
(c) Wave reversal mode.  
 
In this article we perform micromagnetic simulations to investigate how the magnetic 
properties (coercivity, HC, remanence, MR, and magnetization reversal processes) of an 
isolated nanotube change as a function of its geometrical (diameter) and magnetic (Ni and 
Ni80Fe20) parameters, as well as the direction (angular dependence) in which the external 
magnetic field is applied. Figure 1a shows a scheme that represents the geometrical 
parameters of the simulated isolated nanotube and the angle θ at which an external magnetic 
field, ?⃗? , is applied. A novel and surprising magnetization reversal mechanism has been 
identified (see Fig. 1c), named wave reversal mode (W), which is responsible for the unusual 
magnetic behavior observed for isolated nanotubes of 100 nm in diameter and 1µm in length 
when the magnetic field is applied perpendicular to the tube axis, a phenomenon not reported 




Figure 2 shows the reversal process of the magnetic moments of the nanotube as a function 
of time for this new magnetization reversal mechanism. For the initial time t1 all magnetic 
moments point in the direction perpendicular to the axis of the tube, which is the direction 
in which the external magnetic field is applied. As the magnetic field is reduced in t2, the 
magnetic moments located in the central region of the tube remain pinned in the direction 
perpendicular to the tube axis, while the moments in the upper half of the tube shape an "U-
like" distribution, in the lower half, an “inverted U-like” arrangement, giving rise to the 
novel configuration of what we have called a wave (see Fig. 1c). When the magnetic field 
begins to increase in the opposite direction to the initial one in t3, the magnetic moments try 
to align along the axis of easy magnetization of the tube, partially achieving it for the 
magnetic moments located on the y axis. Finally, as the intensity of the external magnetic 
field increases in t4, then the magnetic moments of the tube begin to line up parallel to the 
external field, up to reach to the completely parallel orientation. 
 
Figure 2. Snapshots of the magnetization showing the spatial behavior of the magnetic 
moments of the tube as a function of time when the system reverses its magnetization by 






2. Micromagnetic simulations 
The magnetization dynamics in a ferromagnetic material under the action of an external 
magnetic field is described by the Landau-Lifshitz-Gilbert (LLG) equation [23] 
     
𝑑?⃗⃗? 
𝑑𝑡
= −𝛾?⃗⃗?  × ?⃗? 𝑒𝑓𝑓 −
𝛾𝛼
𝑀𝑠
?⃗⃗? × (?⃗⃗? ×  ?⃗? 𝑒𝑓𝑓), 
where ?⃗⃗?  is the magnetization, ?⃗? 𝑒𝑓𝑓 is the effective magnetic field, 𝛾 is the gyromagnetic 
ratio and α is the damping constant. The equation describes the precession of the 
magnetization around ?⃗? 𝑒𝑓𝑓, which exerts a torque on the magnetization proportional to the 
gyromagnetic ratio. The micromagnetic simulations were performed using the OOMMF 
software [24], which solve the LLG equation iteratively for each cell of a selected mesh and 
allows to monitor the temporal evolution of the system and the dynamic behavior of its 
magnetization. 
 
Narrow nanotubes (dW = 14 nm) of Ni and Ni80Fe20 (Py), each of L = 1 µm of length and 
external diameter of d = 40 and 100 nm, were simulated according to the described in the 
previous paragraph. We used exchange stiffness constant ANi = 9 x 10-12 J/m and APy = 13 x 
10-12 J/m. The saturated magnetizations for Ni and Py were 𝑀𝑠
𝑁𝑖 = 490 x 103 A/m and 𝑀𝑠
𝑃𝑦
 
= 800 x 103 A/m, respectively. The magnetocrystalline anisotropy was null because the 
simulated materials were considered as polycrystalline samples. In addition, we have used α 
= 0.5 for both materials. For the spatial division, a cell size of 2 × 2 × 10 nm3 has been used 
in all cases.  
 
3. Results and discussion 
Hysteresis curves of narrow Ni nanotubes of 14 nm thickness and 1 μm long with external 
diameters of 40 and 100 nm are shown in Figs. 3a and 3b, respectively. Normalized 




field is applied between 1.0 and −1.0 T. It is worth noting that lower applied field range 0.5 
to -0.5 T is shown in order to better appreciate the differences among the different hysteresis 
loops.  
 
Figure 3. Normalized hysteresis curves of narrow Ni nanotubes of 14 nm thickness and 1 
μm long with external diameters of (a) 40 and (b) 100 nm as a function of the angle θ at 
which the external magnetic field is applied.  
 
On the one hand, the angular dependence of the magnetization for a Ni nanotube of 40 nm 
in diameter exhibits a noticeable squareness at θ = 0°. Coercivity at θ = 30° is smaller than 
those corresponding to θ = 0° and θ = 60°, suggesting a non-monotonic behavior of the 
coercivity from θ = 0° to θ = 60°, after which it drops to zero at θ = 90°. In addition, the 
remanence decreases monotonically with increasing angles. Both trends in coercivity and 





An interesting result appears when comparing these curves to those obtained for a 100 nm 
diameter Ni nanotube (Fig. 3b). Firstly, in this latter case, the hysteresis curves exhibit a 
more pronounced curved shape. Secondly, the coercivities are much lower than those 
obtained for a 40 nm nanotube in the angular range from θ = 30° to θ = 60°. Besides 
coercivity at θ = 30° is slightly larger than that corresponding to θ = 0° and smaller than the 
one observed for θ = 60°, disclosing a monotonic behavior of the coercivity from θ = 0° to 
θ = 60°. Nonetheless, the most remarkable result is observed for the hysteresis loop at θ = 
90°, which exhibits a distinctive pseudo-S shape and a coercivity comparable to that obtained 
for θ = 30° (Fig. 3b), a pretty unexpected behavior. In fact, even though numerous theoretical 
and experimental studies have been carried out to investigate the static and dynamic 
properties of magnetic nanotubes [5-14, 20, 21], there is no evidence that this behavior had 
been previously observed. 
 
In order to investigate this phenomenon in detail as well as in a comparative way with our 
previous work reported for a nanowire (NW) of the same material, length and diameter [22], 
in Fig. 4 we show snapshots of the magnetization that reveal the magnetization reversal 
mechanisms at θ = 90º, for a 1 μm long and 100 nm diameter nanotube (Fig. 4a) and nanowire 





Figure 4. Normalized hysteresis curves and snapshots of cuts for θ = 90º, d = 100 nm and L 
= 1 μm, corresponding to different Ni nanostructures: a) 14 nm thickness NT and b) NW.                                     
The inserted images show snapshots of the magnetization of different cross sections made 
in the center of the (a) nanotube and (b) nanowire, indicating the evolution of reversal modes 
with arrows.  
 
Fig. 4a displays the particular pseudo-S shape observed for the 100 nm diameter nanotube, 
where it is evinced that such nanostructure reverts its magnetization through a new reversal 
mechanism which we have named wave reversal mode (W), because the magnetic field 
generates a disturbance in the magnetic moments located in the central zone of the tube, 




nanowire case, we have demonstrated that if its magnetization along an unfavorable direction 
takes place at θ = 90°, then a small change in the magnetic field leads to an important 
variation in the magnetization, since the magnetic moments will be more likely  
perpendicular aligned to the applied field [22]. So, only a little external magnetic field is 
enough to modify this configuration. Such nanostructure reverses its magnetization by 
means of a pseudo-coherent (C*) instead of a coherent (C) rotation, due to the wire caps 
reverse their magnetization slightly offset from the central zone of the wire (Fig. 4b). This 
reversal process causes both remanence and coercivity to be zero. Likewise, this latter effect 
is observed for the coercivity and remanence of 40 nm Ni nanotube (Fig. 3a), advising that 
a pseudo-coherent rotation is also expected for this nanostructure [19]. 
 
In order to investigate if the new reversal mechanism is exclusive of Ni nanotubes or is a 
general phenomenon, in Fig. 5 we show the hysteresis curves for Py nanotubes with the same 





Figure 5. Normalized hysteresis curves of narrow Py nanotubes of 14 nm thickness and 1 
μm long with external diameters of (a) 40 and (b) 100 nm as a function of the angle θ at 
which the external magnetic field is applied. 
 
The angular dependence of the magnetization for a 40 nm diameter Py nanotube exhibits an 
increasing monotonic behavior of the coercivity with the angle up to 60º, after which it drops 
to zero at θ = 90°, while the remanence decreases monotonically with increasing angles (see 
Fig. 5a). Furthermore, a comparative analysis between hysteresis curves for Py nanotubes 
with 40 and 100 nm in diameter also shows important differences in both coercivity and 
remanence. For example, the squareness and coercivity for θ = 0° exhibited by the hysteresis 
curve of a Py nanotube of 40 nm (Fig. 5a) in diameter are clearly higher than those 
corresponding to the nanotube of 100 nm in diameter (Fig. 5b). Therefore, it is interesting to 
observe how the hysteresis curves for nanotubes of 100 nm in diameter are similar, 
considering the same angle, regardless of the material. In contrast, nanotubes of smaller 
diameters, 40 nm, exhibit a quite different behavior for the coercivity and a similar behavior 
for the remanence when the material varies. It is worth noting that the hysteresis curve for 
the Py nanotube of 100 nm in diameter measured for θ = 90º also presents an S-type shape, 
similar to that obtained for the Ni nanotube with the same diameter (see Figs. 3b and 5b). 
 
So far, we have observed that the new reversal mechanism (W) appears for nanotubes of 100 
nm in diameter and when the external field is applied perpendicular to the axis of the tube 
(θ = 90º). In order to gain insight into the magnetic properties and the magnetization reversal 
mechanisms of the nanotubes studied, in Fig. 6 we show the angular dependence of 




the magnetization reversal mechanisms are obtained from the visualization of the 
magnetization snapshots for each of the simulated hysteresis curves (not shown here). 
 
Figure 6. (a) Coercivity and (b) normalized remanence for the nanotubes studied as a 
function of the angle θ in which the external magnetic field is applied. 
 
From Fig. 6a we can see that the Ni nanotube of 40 nm in diameter reverses its magnetization 
by propagating vortex domain walls (V) when the field is applied parallel to the tube axis (θ 
= 0°). For larger angles, the tube reverses its magnetization through nucleation and 
propagation of transverse domain walls (T) up to θ = 60º. It is interesting to remark that in 




0º to 30º, after which it increases up to 60º, to decrease steeply until obtaining a zero 
coercivity for θ = 90º, an unequivocal signal that the reversal mechanism has changed to a 
pseudo-coherent rotation (C*). 
 
On the other hand, the Py nanotubes with 40 nm in diameter reverse their magnetization by 
propagating vortex domain walls (V) for angles less than or equal to 15°, after which they 
reverse their magnetization through transverse domain walls (T), abruptly increasing its 
coercivity until almost doubling its value for θ = 60º. From this value, its coercivity will drop 
sharply again as we increase the angle θ, going through a mixed transverse-pseudo-coherent 
mode (T-C*) in θ = 75º, until a zero coercivity is obtained for θ = 90º, leading to a pseudo-
coherent rotation (C*). 
 
Ni and Py nanotubes with 100 nm in diameter exhibit a similar behavior for coercivity as a 
function of the angle θ at which the external field is applied. In both cases it is obtained that 
the tubes reverse their magnetization through the nucleation and propagation of vortex 
domain walls (V) for angles less than 75°, after which the new reversal mechanism presented 
in this article, the wave reversal mode (W), appears in all its fullness for θ = 90º. It is 
interesting to note that for all the cases investigated we obtain a complex combined 
magnetization reversal mechanism of nanotubes for θ = 75º. 
 
From Fig. 6b we can notice that, regardless of the material and the diameter of the nanotubes, 
they all exhibit a similar behavior of the remanence as a function of the angle θ at which the 
external field is applied, decreasing the remanence by increasing the angle. The only 
exception occurs for 100 nm nanotubes when the field is applied perpendicular to its axis (θ 




(W) proposed in this article. In this way, an abrupt increase in remanence for large angles is 
a thorough signal that the system reverses its magnetization according to this new reversal 
mechanism. 
 
It is important to note that this new mechanism of magnetization reversal (W) has not been 
observed in nanowires as it is evidenced in Fig. 4b [22] and, therefore, until now it is a 
phenomenon displayed only in nanotubes, at least for the magnetic and geometric parameters 
considered in this article. 
 
Future perspectives 
The focus of this article has been to introduce a new mechanism for the magnetization 
reversal of nanotubes that appears when they exhibit a large diameter and the magnetic field 
is applied perpendicular to its axis. In future work, it should be investigated how this new 
mechanism of magnetization reversion is exhibited by other geometric and magnetic 
parameters. 
 
4. Conclusions  
In conclusion, we have performed micromagnetic simulations of Ni and Py nanotubes of 14 
nm thick and 1 μm long with external diameters of 40 and 100 nm as a function of the angle 
θ at which the external magnetic field is applied. A new striking reversal mechanism, which 
we have called wave reversal mode (W), has been identified. This novel phenomenon 
describes unusual magnetization behaviors in Ni and Py isolated nanotubes of 100 nm in 
diameter when the field is applied perpendicular to its axis (θ = 90º). A sharp increase in 
remanence for large angles is an unequivocal signal that the system reverses its 
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 We have performed micromagnetic simulations of Ni and Py nanotubes as a function 
of the external magnetic field. 
 A new striking reversal mechanism, which we have called wave reversal mode (W), 
has been identified. 
 This phenomenon describes unusual behaviors in nanotubes when the field is applied 
perpendicular to its axis. 
 A sharp increase in remanence is an unequivocal signal that the system reverses 
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